Bubbles were considered to be a serious problem happened during the partial melting process of Bi-2212 superconducting wires and tapes, which can interrupt the textural alignment of Bi-2212 grains, block the current transport in single or several filaments, and even cause great damage of the entire wire. Therefore, it is necessary to suppress the formation of bubbles by optimization the traditional powder in tube process. In order to decrease the volume of absorbed H 2 O and CO 2 , an extra milling process was adopted on the precursor powders in oxygen atmosphere, as well as the filling process of precursor powders into Ag sheath. The influences of oxygen milling process on the lattice parameter, microstructure, phase evolution mechanism and transport properties were systematically analyzed. Due to the enhanced texture structures, optimized critical current was achieved in both single filament tapes and multi-filament wires. Further optimization of the modified powder in tube process is on the way in order to further improve the transport properties of Bi-2212 wires for practical applications.
Introduction
As an important high-temperature superconductor (HTS), Bi 2 Sr 2 CaCu 2 O x (Bi-2212) exhibited excellent properties under low-temperature and high magnetic field, including the high irreversible field, H irr of over 100 T, and large critical current density of ~266 Amm -2 under high magnetic field (45 T) [1, 2] . As the only material so far, which can be made into isotropic round wires to simplify the winding process for magnet fabrication, it has great potential for the applications in high field magnets and large current areas [3] [4] [5] [6] [7] . However, there are two factors which limited the transport properties of Bi-2212 based superconductors. One is the weak pinning mechanism, which can be attributed to its intrinsic lattice structure [8] . The introduction of pinning centers and modification of lattice structures can effectively enhance the pinning mechanism [8] [9] [10] . The other factor is the intergrain weak links due to the low texture degree [11] [12] [13] [14] , high porosity [15] [16] [17] [18] and/or grain boundaries with secondary phases or amorphous layers [19, 20] . Therefore, new techniques are needed in order to obtain Bi-2212 superconductors with the aligned microstructures, higher density, cleaner grain boundaries and stronger flux pinning properties for the practical applications.
Bubbles have been recognized as an important problem happened during the partial melting sintering process of both Bi-2212 wires and tapes. The appearance of centimeter-long bubbles can ruin the uniformity of the whole wires. And the small bubbles within the size of micrometers can interrupt the texture growth of Bi-2212 grains, thus decrease the effective current carrying cross section areas [7, 15] . Therefore, it is very necessary to optimize the tradition powder-in-tube (PIT) process to suppress the formation of bubbles. There are two major causes of bubbles in Bi-2212. One is the chemical absorption of H 2 O and CO 2 [21] . The other is the release of O 2 during the decomposition of Bi-2212 [22] . Considering the high passing rate of O 2 through Ag sheath during heat treatment and the large specific area of precursor powders, the residual H 2 O and CO 2 in filament should be the major reason for the formation of bubbles. Therefore, decreasing the amount of H 2 O and CO 2 absorption and change the absorbed gas into oxygen to make sure the gas exchange process during heat treatment should be beneficial to the textural growth of Bi-2212. In this study, traditional PIT process has been modified with an additional milling process in oxygen atmosphere. The influences of this addition milling process on the phase composition, microstructures and current carrying capacity of Bi-2212 tapes, as well as wires were systematically investigated.
Experimental
Bi 2 Sr 2 CaCu 2 O 8+ precursor powders were synthesized by modified co-precipitation process [23] o C was carried out right before the PIT process with the dwell time of 12 h and a furnace cooling process until the temperature of these precursor powders is above 150 o C. After the final calcination, the powders were transferred into a glove box filled with oxygen. And the powders were ground for 1 h (referred as O 2 milling process). The filling process of the precursor powders into Ag sheath was also performed in the oxygen glove box and the two ends of the Ag sheath were sealed with Ag blocks and wax. With the drawing and rolling process step by step, single filament tapes with the thickness of ~300 m, width of 4 mm were obtained. During the partial melting process, the maximum heat treatment temperature, T max of 893 o C was chosen to be the optimized heat treatment parameter based on previous study. Traditional powder filling process was also performed in air and another Bi-2212 single filament tape was obtained with the same working process and sintering process as the reference sample.
Polycrystalline X-ray diffraction (XRD) patterns on the filaments directly by peeling off the Ag sheath on an X-ray diffraction (XRD, Bruker D8 Advance) with Cu-K radiation ( =0.1542 nm). The scanning electron microscopy (SEM) images were obtained with JEOL JSM-6700F. The compositional analysis was taken by Inca-X-Stream Energy-dispersive X-ray spectroscopy (EDX). The critical current, I c , was measured at liquid helium temperature (4.2 K) on a computer-aided apparatus using a DC four-probe method with the criterion of 1 V/cm under the magnetic field of 0~20 T at EMFL-Grenoble.
Results and Discussion
The X-ray diffraction patterns of Bi-2212 filament were obtained after peeling off the Ag sheath as shown in Fig. 1 . The major phase in both tapes is Bi-2212 phase with highly (00l) preferred orientation. Secondary phases, including Bi-2201 (Bi 2 Sr 2 CuO 6+ ), 1:1 AEC (alkali earth cuprates, (Ca, Sr)CuO x ) and CF (Copper free phase, Bi a (Ca, Sr) b O x ) are detected as marked on the patterns. It is interesting to notice that the O 2 milling process shows little influence on the final contents of both Bi-2201 and AEC. However, obvious different content of CF phase can be noticed as marked by the red arrow. On the other hand, as shown in the inset, the position of (00l) diffraction peak shifted towards higher degree after the O 2 milling process, which suggested the shrink of lattice parameter c. It is well known that in Bi-2212 system, the lattice parameter decreased with the increasing oxygen content [24] . Therefore, it can be deduced that the oxygen content in Bi-2212 increased with the O 2 milling process, and the change of oxygen content influenced the phase evolution mechanism during the partial melting process, which caused the increase of CF phase content. Back scattering images were taken on the cross section of two filaments after carefully polishing. Combining with the results of EDS, the phase composition and distribution can be analyzed based on these images, and typical BSI images were shown in Fig. 2 . It can be noticed that large particles of Bi-2201 and AEC can be observed in the tapes fabricated by traditional PIT process with the average length of 300 m for Bi-2201 and 150 m for AEC. And the Bi-2212 grains distributed randomly along the Ag sheath. While, in the tapes fabricated with O 2 milled PIT process, although more CF particles can be observed comparing with the former one, which is consistent with the XRD analysis result, the particle size of all the secondary phases including AEC, Bi-2201 and CF phase decreased greatly to the length of less than 70 m, and even smaller width. The textural growth of Bi-2212 plate-like grains can be clearly observed, which implied the larger effective current carrying areas. It is known that the passing rate of oxygen through Ag sheath is much higher than that of H 2 O or CO 2 . Because of the O 2 milling process, the absorption gas on the precursor powders were changed from H 2 O and CO 2 into mainly oxygen. Therefore, both the size and number of residual pores inside the filament decreased during the partial melting process, and the textural growth of Bi-2212 grains was enhanced. The fracture surface images of both Bi-2212 filaments fabricated with different PIT process were also analyzed with two typical images shown in Fig. 3 . As shown in Fig. 3 (a) , due to the interruption of the pore at the lower right corner, the Bi-2212 grains were bent, which not only weakened the texture structure of Bi-2212 but decreased the size of Bi-2212 grains and introduced more grain boundaries. And during the current transport process under magnetic field, cracks would be appeared easily on the Bi-2212 grains around the pores due to the low mechanical properties. While in Fig 3 (b) , denser structures and the Bi-2212 grains with larger average grain size growing along the same direction with only small variation of orientation can be observed The critical current was measured at 4.2 K under the magnetic field of 0~20 T by transport method. As shown in Fig. 4 , obvious increase of I c was obtained especially under the field higher than 2 T. Generally speaking, there are two factors which can cause this change of I c . One is the improved texture structure as discussed above. The other is the enhanced flux pinning properties, which can be attributed to the change of oxygen content, as noticed in the XRD pattern. In order to distinguish the two effect. 37×(18+1)-filament Bi-2212 wires were fabricated by the two PIT process respectively and the I c values of the two wires were also shown in Fig. 4 . Obvious increase of I c was obtained over the entire magnetic field range. Therefore, it can be deduced that the major factor which caused the enhancement of I c should be the enhancement of texture. Due to the lorentz force the filament beared during the measurement, cracks tend to happen if there existed a pore nearby. Therefore the decrease of I c became more and more obvious with the increase of magnetic field in single filament tapes. While in the multi-filament wires, the appearance of cracks
would not cause the obvious decrease of I c . However, the total increase of current carrying area due to the decrease of porosity lead to the increase of I c over the entire magnetic field range. 
Conclusion
Traditional PIT process for the fabrication of Bi-2212 superconductors was modified with an additional O 2 milling process. The influences of O 2 milling process can be concluded into three aspects. First is the increase of oxygen content in Bi-2212 phase, which showed little influences on the final transport properties. Second is the change of phase evolution process. Although more CF particles appeared, the average particle size of all the secondary phases decreased greatly and lead to less influence on the transport of supercurrent. Finally, due to the obvious decrease of pores and the size of secondary phases, highly textured Bi-2212 filament was obtained, which greatly enhanced the transport properties of Bi-2212. More detailed optimization process is on the way for the further enhancement of the transport properties of Bi-2212 superconductors for practical applications.
